Vertical Distribution of Olympia oyster (Ostrea lurida) larvae in Fidalgo Bay, WA by McIntyre, Brooke A.
Western Washington University 
Western CEDAR 
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship 
Spring 2018 
Vertical Distribution of Olympia oyster (Ostrea lurida) larvae in 
Fidalgo Bay, WA 
Brooke A. McIntyre 
Western Washington University, mcintyba@gmail.com 
Follow this and additional works at: https://cedar.wwu.edu/wwuet 
 Part of the Environmental Sciences Commons 
Recommended Citation 
McIntyre, Brooke A., "Vertical Distribution of Olympia oyster (Ostrea lurida) larvae in Fidalgo Bay, WA" 
(2018). WWU Graduate School Collection. 694. 
https://cedar.wwu.edu/wwuet/694 
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate 
Scholarship at Western CEDAR. It has been accepted for inclusion in WWU Graduate School Collection by an 









Brooke A. McIntyre 
 
 
Accepted in Partial Completion 
of the Requirements for the Degree 
Master of Science 







































In presenting this thesis in partial fulfillment of the requirements for a master’s degree at 
Western Washington University, I grant to Western Washington University the non-exclusive 
royalty-free right to archive, reproduce, distribute, and display the thesis in any and all forms, 
including electronic format, via any digital library mechanisms maintained by WWU. 
 
I represent and warrant this is my original work, and does not infringe or violate any rights of 
others. I warrant that I have obtained written permissions from the owner of any third party 
copyrighted material included in these files. 
 
I acknowledge that I retain ownership rights to the copyright of this work, including but not 
limited to the right to use all or part of this work in future works, such as articles or books. 
 
Library users are granted permission for individual, research and non-commercial reproduction 
of this work for educational purposes only. Any further digital posting of this document requires 
specific permission from the author. 
 
Any copying or publication of this thesis for commercial purposes, or for financial gain, is not 



















A Thesis  
Presented to 
The Faculty of 






In Partial Fulfillment 
Of the Requirements for the Degree 
Master of Science 
   






Brooke A. McIntyre 





Restoring viable, self-sustaining populations of the native Olympia oyster (Ostrea lurida) in the 
Salish Sea is ecologically and socially valuable, because Oysters provide habitat, improve water 
quality, and are culturally important in the region. Olympia oysters are sessile adults, so they 
disperse as free-swimming planktonic larvae that actively control their vertical position in the 
water column with swimming and sinking behaviors, which can affect the currents that carry 
them and ultimately determine dispersal. Larval dispersal affects population size and 
connectivity, so understanding dispersal patterns can help managers prioritize habitat restoration 
efforts to achieve the ultimate goal of establishing a self-sustaining network of Olympia oyster 
populations throughout the Salish Sea. The purpose of this study was to determine which factors 
(temperature, chlorophyll-a, larval size, current speed, tidal stage) influence the vertical 
distribution of Olympia oyster larvae in Fidalgo Bay, which is a Washington state priority 
restoration area for the species. On four consecutive days in July 2017, we collected, counted, 
and measured the length of Olympia oyster larvae from four depths over the tidal cycle in 
combination with salinity, temperature, and chlorophyll-a measurements. In addition, we 
deployed an acoustic Doppler current profiler to measure current velocities in the main channel. 
Mixed effects modelling results indicate that larvae were distributed significantly shallower 
when current speeds exceeded ~25 cm s-1 and deeper when current speeds were less than ~25 cm 
s-1, but it is unclear whether distribution was due to passive or active larval movement. If larvae 
were actively controlling their depth, they did not distribute at depth-specific temperature or 
chlorophyll-a conditions, which was likely due to the vertically well-mixed conditions. Larvae 
were shallower when there was more depth-averaged chlorophyll was in the water column, 
which might be related to the level of light penetration because Olympia oyster larvae are 
v 
  
phototactic. Larvae did not perform tidally-timed vertical migrations and it remains unclear 
whether larvae exhibited an ontogenetic vertical migration strategy. Fidalgo Bay does not exhibit 
a two-way flow or strong vertical shear, so Olympia oyster larval vertical distribution likely has 
little to no effect on their transport through the main channel of the bay. These results should not 
be generalized to other restoration areas due to the unique conditions of this location and the 
possibility of larval behavioral plasticity between distinct populations of Olympia oysters. 
Results can inform a Fidalgo Bay larval transport model to predict dispersal patterns and 
















First and foremost, my sincere thanks go to my thesis adviser, Dr. Shawn Arellano, for providing 
exceptional mentorship throughout my thesis research; thank you for always having an open 
door, for your ongoing support, and for the time you spent to help me become a better scientist. 
A warm thank you to my committee members Dr. Erika McPhee-Shaw, Dr. Brian Bingham, and 
Dr. Marco Hatch for the time you spent advising me, for your ideas, your insightful comments, 
and constructive feedback throughout my thesis work. A specific thank you to Dr. Erika 
McPhee-Shaw for allowing me to utilize her acoustic Doppler current profiler instrument. 
Thank you to the many faculty members at WWU who taught and advised me during this 
graduate program, especially Dr. Sylvia Yang, Dr. Brady Olson, Dr. Robin Matthews, and Dr. 
Eric Grossman. 
This research would not have been possible without the help from staff and faculty at Shannon 
Point Marine Center. A big thank you to Captains Nate Schwarck, Gene McKeen, and Jay 
Dimond for operating research vessels and enabling us to safely collect field data. Thank you 
specifically to Nate Schwark for advice during field preparations and building a modified bilge 
pump essential for data collection. Thanks to Dr. Kathy Van Alstyne for lending her Hydrolab 
equipment. 
I am also very grateful for the help I received from many field and lab assistants who generously 
volunteered their time to collect and process data. Thank you Shay Hengen, Kathryn Williams, 
Jefferson Emm, Abigail Ernest-Beck, Mia Melamed, Mariah Kollasch, Michael Adamczyk, Aiyi 
Wu, and Kassey Trahanas. A special thank you to Tyler Tran who was always willing to lend me 
a hand in the lab, helped me collect data every day of field sampling, and has always provided an 
endless source of positive energy.  
I was able to successfully sort and identify Olympia oyster larvae from my field samples from 
the generous help from several people. Ryan Crim from the Puget Sound Restoration Fund 
provided live Olympia oyster larvae and helpful guidance about Olympia oyster spawning. 
Samish Indian Tribe allowed us to access and collect Olympia oysters from their tidelands. 
Megan Hintz shared helpful materials and advice on Olympia oyster larval identification. Julie 
Barber, Sarah Grossman, and Sanoosh Gamblewood with the Swinomish Indian Tribal 
Community shared information about known local bivalve species and we exchanged helpful 
advice about identifying larvae throughout the summertime. 
Finally, thank you to my family for their relentless support throughout my life and academic 
career. And a heart-felt thank you to my best friend, Drew Folster. Thank you for your endless 
patience, support, and optimistic encouragement to help me accomplish my goals. 










List of Tables……………………………………………………………………………………………viii 





Larval Abundance and Physical Parameters……………………………………………………..7 















List of Tables 
 
Table 1: Linear mixed effects model selection process predicting larval abundance per 100-L 
sample……………………………………………………………………………………………22 
Table 2: Structure of most parsimonious linear mixed model describing larval abundance per 
100-L sample.……………………………………………………………………………………23   
Table 3: Linear mixed effects model selection process predicting larval abundance per 100-L 
sample.…………………………………………………………………………………………...24 
Table 4: Structure of most parsimonious linear mixed model describing larval abundance per 



















List of Figures 
 
Figure 1: Field sampling locations in Fidalgo Bay, WA……...…………………………………26 
Figure 2: Current velocity (cm s-1) profiles collected by an acoustic Doppler current profiler in 
the main channel of Fidalgo Bay, WA…………………………………………………………...27 
Figure 3: Field samples collected on July 11 2017 in Fidalgo Bay, WA…………………….….28 
Figure 4: Field samples collected on July 12, 2017 in Fidalgo Bay, WA……………………….29 
Figure 5: Field samples collected on July 13, 2017 in Fidalgo Bay, WA……………………….30 
Figure 6: Field samples collected on July 14, 2017 in Fidalgo Bay, WA……………………….31 
Figure 7: Larval weighted mean depth over depth-averaged current velocity fit with a GAMM 
smoother………………………………………………………………………………………….32 
Figure 8: Larval weighted mean depth versus tidal current speed (cm s-1) and tidal direction….33 
Figure 9: Larval weighted mean depth over depth-averaged chlorophyll-a (µg L-1) fit with linear 
mixed effects modeling…………………………………………………………………………..34 
Figure A1: Model validation plots for the final linear mixed effects model predicting larval 
abundance. ………………………………………………………………………………………35 
Figure A2: Model validation plots for the final linear mixed effects model predicting larval 
weighted mean depth. …………………………………………………………………………...36 
Figure A3: Generalized additive mixed model results showing the partial effect of current 






A consortium of stakeholders, including state agencies, tribes, and community members 
throughout Washington state are working to restore severely reduced Olympia oyster (Ostrea 
lurida) populations because these native bivalves play an important ecological and cultural role 
in the Salish Sea. Oysters provide ecosystem services like improving water conditions through 
filtration (zu Ermgassen et al. 2013), forming habitat of shell beds for intertidal organisms, and 
reducing shoreline erosion (Scyphers et al. 2011). Olympia oysters are also culturally important 
to native Coast Salish tribes, because they were once an important food source (Steele 1957). 
However, Olympia oyster populations in the majority of the Pacific Northwest have been 
classified as poor (reduced by 90%-99%) or functionally extinct (reduced by 99%) due to 
overharvest in the 1800s and early 1900s (Beck et al. 2011). Recognizing the high ecological and 
cultural value of the species, the Washington State Department of Fish and Wildlife determined 
19 priority restoration sites in 2012 to re-establish Olympia oyster populations in the region 
(Blake and Bradbury 2012). Collaborative restoration efforts by state, tribal, and non-profit 
groups have increased the population numbers within a localized area of one priority restoration 
site—Fidalgo Bay, WA—but work is still underway to grow the population and establish oyster 
beds throughout the entire bay (Dinnel 2016). The ultimate goal of this restoration is to ensure 
that Fidalgo Bay has a self-sustaining population that contributes to the larger population 
network throughout the Salish Sea. To aid localized restoration efforts and determine how 
connected the Fidalgo Bay population will be with other priority restoration sites, we need a 




Larval dispersal, which is the distance larvae travel from the location they are released to 
the location they settle, can influence the size of the local population, enable colonization of new 
habitat areas, and determine the degree of connectivity between metapopulations through larval 
exchange (reviewed by Levin 2006; reviewed by Cowen and Sponaugle 2009). Olympia oysters 
reproduce and release brooded larvae for just a few months during the summertime; once 
released into the water column, larvae are transported for one to several weeks by horizontal 
currents as they grow, develop, and eventually settle in a location with suitable habitat (reviewed 
by Pritchard et al. 2015). Estimates of population connectivity suggest Olympia oysters have the 
potential to disperse relatively far distances. For example, Carson (2010) used a trace-elemental 
fingerprinting technique to estimate that Olympia oyster populations that inhabit bays about fifty 
miles apart along the southern California coastline are connected. However, current systems in 
southern California and the Salish Sea are very different, so we need more localized knowledge 
to understand how larvae will disperse from Fidalgo Bay.  
Larval dispersal is affected by both flow and larval behavior (reviewed by Young 1995). 
Bivalve larvae are transported by horizontal currents, but can actively control their depth through 
vertical swimming and sinking behaviors, which can determine which horizontal currents carry 
them (Hidu and Haskin 1978; Shanks and Brink 2005). For example, biophysical transport 
models that incorporate localized hydrodynamics and larval behavior indicated that eastern 
oyster larval behaviors can significantly affect transport and dispersal patterns in Chesapeake 
Bay (e.g. Dekshenieks et al. 1996; e.g. North et al. 2008). Given the potential importance of 
larval vertical migrations, it is necessary to understand factors that influence the vertical 
distribution of Olympia oyster larvae to aid their restoration in Fidalgo Bay, but very little is 




Bivalve larval behaviors are driven by to both biological and physical factors that 
enhance development and increase larval survivorship (reviewed by Young 1995). Bivalve 
larvae alter their vertical distribution behaviors over development; late-stage larvae typically 
distribute in deeper waters than do early-stage larvae (Carriker 1951; Mann 1988; Baker and 
Mann 2003) because they tend to be photonegative (Young 1995), geopositive (Young 1995), 
and sink more quickly than younger larvae (Dekshenieks et al. 1996). Larvae might undergo 
these ontogenetic behavior shifts to increase dispersal of newly-released larvae away from 
parental populations and increase retention of late-stage, competent larvae near potential 
settlement habitat (Dobretsov and Miron 2001; reviewed by Morgan et al. 2014). In addition to 
internal biological drivers, environmental factors critical to development, like temperature and 
food availability, also trigger behavioral responses. Temperature directly affects metabolic and 
growth rates (O’Connor et al. 2007), so larvae behaviorally move away from temperature 
extremes (Daigle and Metaxas 2011) and may vertically distribute at depths where temperatures 
are favorable for optimal development. Furthermore, thermoclines affect the depth distribution of 
bivalve larvae by acting as a barrier to vertical migrations (Tremblay and Sinclair 1988, Gallager 
et al. 1996, Daigle and Metaxas 2011). Presumably to enhance food availability, bivalve larvae 
have also been observed to distribute at the chlorophyll-a maximum in the field (Raby et al. 
1994) and behaviorally respond to food patches in the lab (Metaxas and Young 1998; Sameoto 
and Metaxas 2008).  
Larvae may also exhibit a behavior called selective tidal stream transport where they 
synchronize their vertical swimming behaviors with the tidal exchange to enhance their export or 
retention within an estuary (López-Duarte and Tankersley 2009). In estuaries that exhibit a two-




estuary, and larvae that occupy shallower water with a net seaward current are exported to 
coastal waters (Gibson 2003; Morgan et al. 2014). Selective tidal stream transport is likely a 
strategy to enhance the probability of larvae settling within areas of suitable habitat and has been 
observed for several crab species (Welch and Forward 2001; López-Duarte and Tankersley 2009; 
Morgan et al. 2014). Studies suggest bivalves also exhibit selective tidal stream transport 
(Carriker 1951; Wood and Hargis 1971; Garrison and Morgan 1999), but it is unclear whether 
this is true for Olympia oysters. Our preliminary observations in 2014 and 2015 suggest that 
Olympia oyster larvae do not perform selective tidal stream transport, or tidally-timed vertical 
migrations, and distribute in surface waters during both ebb and flood in Fidalgo Bay. In 
contrast, Peteiro and Shanks (2015) found that Olympia oyster larvae do perform tidally-timed 
vertical migrations by distributing in surface waters during flood tide and bottom waters during 
ebb tide to enhance retention within the Coos Bay estuary, OR. However, Peteiro and Shanks 
(2015) only observed this vertical distribution pattern when current speeds were less than 50 cm 
s-1, which suggests that current speeds greater than 50 cm s-1 overwhelm larvae’s ability to 
actively control their depth. The Coos Bay estuary and Fidalgo Bay are unique systems with 
different conditions, so we should not necessarily expect larvae from these two distinct 
populations to exhibit the same behaviors. Coos Bay is a relatively large (~ 50 km2) coastal 
estuary with a prominent freshwater influence that creates partially-mixed conditions when 
larvae disperse during the summertime. Fidalgo Bay is a relatively small area ( ~ 6 km2) that is 
connected to a more complex central Salish Sea system, it has very little fresh water influence, 
and is well-mixed. Moreover, larvae from geographically separate populations may show 




needed to clarify Olympia oyster larval behavior and vertical distribution patterns in Fidalgo 
Bay.  
The purpose of our study is to gain information that can be used to understand Olympia 
oyster larval dispersal in Fidalgo Bay to improve restoration activities. Because larval dispersal 
is a physical and biological process, we investigated the hydrodynamics of tidal currents and 
factors that influence vertical distribution of Olympia oyster larvae in the bay. Specifically, we 
characterized the current velocities that move through the prominent main channel in the bay to 
determine if Fidalgo Bay exhibits vertical shear or a two-layer flow, which would affect 
transport of larvae distributed at different depths. We also investigated the influence of larval 
size, which is a proxy for development, temperature, chlorophyll-a concentration, current speed, 
and tides on the depth distribution patterns of Olympia oyster larvae in main channel. Our four 
hypotheses were the following: (1) larval abundance would be positively related to temperature 
and chlorophyll-a, (2) larvae would not perform tidal vertical migrations based on our 
preliminary observations in 2014 and 2015 that larvae were more abundant in the surface during 
ebb and flood tide, (3) larvae would exhibit ontogenetic vertical migrations with more abundant 
early-stage larvae remaining in surface waters to enhance export and less abundant late-stage 
larvae remaining in bottom waters to enhance retention, and (4) current speed would 
significantly influence larval vertical distribution. These results can be used to predict larval 
dispersal patterns and the population connectivity between the state’s priority restoration sites to 
aid restoration activities and achieve the goal of establishing a self-sustaining network of 







Fidalgo Bay is adjacent to the city of Anacortes, WA, and two oil refineries in the central Salish 
Sea. Since 2002 Olympia oyster restoration activities have increased the native oyster population 
in the bay to an estimated 4.8 million oysters in 2016 (Dinnel 2016). A historic trestle with riprap 
reinforcement has been converted into a walking path. The trestle channelizes water flow 
through a prominent main channel of the bay (Figure 1). The bay mostly consists of mudflats and 
fine sediment habitat that supports large eelgrass beds. The restored oyster beds are adjacent to 
the main channel along the east side of the bay (Figure 1). Fidalgo Bay is shallow and has no 
major freshwater input except for runoff from non-point sources, small creeks, and outfalls. It 
has a semi-diurnal tidal cycle with a mean range of 1.5 meters and is typically unstructured 
(Murphy et al. 2008), but can develop a thermocline in some areas during the summertime 
(unpublished data). 
Tidal Currents 
We programmed and deployed a Nortek 1 MHz Aquadopp acoustic Doppler current profiler 
(ADCP) fixed to a bottom frame in the main channel of Fidalgo Bay (Figure 1) to record velocity 
measurements in 0.3 meter vertical bins every 60 seconds. We set out the ADCP in the channel 
and recorded measurements from 13:00 on July 25, 2017 to 14:00 on July 28, 2017; this 
timeframe reflected the tides during our week of larvae sampling (see below). The ADCP 
internally converts raw velocity measures from beam-coordinates into earth-referenced 
coordinates (north, east, and up) using internal tilt sensor measures. Pitch (-0.03° ± 0.05) and roll 




Nortek AS software AquaPro version 1.27 to program and retrieve current velocity data from the 
Aquadopp instrument and MATLAB (Mathworks, Inc.) to process and graph these data for 
analysis. We performed a principle components analysis (empirical orthogonal function) to 
determine the depth-averaged principle direction of velocity, which we then utilized to 
recalculate the coordinate system to match the principle axis of velocity. Using the adjusted 
coordinate system, we calculated the along-isobath and across-isobath velocity measurements.  
Larval Abundance and Physical Parameters 
We measured larval abundance, chlorophyll-a, temperature, and salinity from four depths at one 
location by boat each day from July 11 to July 14, 2017 (Figure 1). We chose to sample in July 
to match the estimated peak reproductive timeframe for Olympia oysters and chose four days 
with enough tidal exchange to sample during both ebb and flood tide. We collected all samples 
during daylight hours because Olympia oyster larvae are phototactic (personal observations). 
Each day, we completed eleven sampling events. During each sampling event, we collected 
samples from four depths in the water column: surface (0.5 m below surface), bottom (0.5 m 
above seafloor), and two mid-depth samples, which evenly split the depth between surface and 
bottom samples. We planned each sampling event to begin at specific times relative to the 
predicted low tide with the goal of collecting approximately equal numbers of samples during 
ebb and flood tide. It took 15-20 minutes to collect all four samples during each sampling event. 
By the end of the four consecutive sampling days, we had performed 44 sampling events and 
collected a total of 176 individual samples. 
To collect each larval sample, we used a modified bilge pump to filter 100 liters of water 




oyster larvae, which are released from brooding with a ~180µm length shell (reviewed by 
Pritchard et al. 2015). Each sample was stored on ice while in the field and then preserved in 
70% ethanol. At the end of filtering each 100-L sample, we collected 60 ml of bulk seawater 
from the pump for measurement of chlorophyll-a. We filtered the 60 ml of seawater through a 
glass microfiber filter (WhatmanTM GF/F). The foil-wrapped filters were held on ice in the field 
and then stored them at -80°C for later extraction. We measured chlorophyll-a concentration 
from each filtered sample by extracting the chlorophyll-a pigment using 90% acetone for 24 
hours and reading fluorescence of each sample with a Turner Trilogy Fluorometer. We 
programmed a Hach Environmental Company HydroLab DS5 water quality multiprobe 
instrument to collect temperature and salinity measurements at the same times and depths as our 
pump sampling. A Hach Hydras 3 Pocket instrument enabled us to calibrate, program, and 
retrieve data from the HydroLab. We used along-isobaths data from the ADCP to determine a 
current velocity for each event and sample based on corresponding time and depth. 
Larval Identification and Size 
We used an Olympus Optical Company SZ-ST stereoscope fit with polarized lens filters to hand 
sort Olympia oyster larvae from each sample. Olympia oyster larvae were identified from the 
other bivalves in our sample using several methods. First, we narrowed down all the potential  
local species of bivalve larvae that might be in our samples based on reproductive season 
(Loosanoff et al. 1966, personal communication Julie Barber). We then distinguished Olympia 
oyster larvae from these other species by comparing morphological features relative to size based 
on identification keys (Loosanoff et al. 1966, Shanks 2001) and reference Olympia oyster larvae 
that we reared in the laboratory. Reference larvae were fixed and photographed under an 




hinge of each larva digitally using a stereomicroscope equipped with a camera and ImageJ 
software (Leica MC170 HD and Leica Application Suite, Leica, Wetzlar, Germany). Larvae 
were divided into three distinct size classes: 180-210 µm were newly-released larvae, 211-260 
µm were developing larvae, and >260 µm were late-stage larvae close to settlement. We chose 
these size classes according to reference materials (Loosanoff et al. 1966, Shanks 2001) and 
personal observations of how larval size increases during development of lab reared Olympia 
oyster larvae from the Fidalgo Bay population. 
Data Analysis  
To investigate relationships between measured parameters and vertical distribution of larvae, we 
fit mixed effects models. Mixed effects models account for violations of independence and give 
structure to the residual error term by allowing the modeler to include random effects that 
account for unavoidable sources of variability and non-independence within the sampling design. 
These models also account for violations of homogeneity by enabling the modeler to manipulate 
the variance structure to improve residual structure (Zuur et al. 2009; Winter 2014). Each model 
included all four days of sampling data.  
We represented the vertical distribution of larvae in two distinct ways to use as response 
variables in separate models: (1) larval abundance per sample and (2) larval weighted mean 
depth (WMD) normalized to water column height per sampling event. Larval abundance per 
sample is the total number of Olympia oyster larvae per 100 L depth-specific sample. Larval 
WMD gives a single value to represent the vertical distribution of larvae for statistical 





WMD = ( ∑	#$%$∑	#$ 	)(H 
-1) 
Ai is the abundance of larvae in the ith layer 
zi is the mid-depth of the ith layer 
H is the water column height (m) at the time of sampling 
Each WMD measurement was a ratio from 0-1, with low values representing shallower larval 
WMD and high values representing deeper WMD. 
For each model, we started with a model containing all predictor variables of interest and 
then determined the most parsimonious fit by comparing models with log likelihood tests and 
Akaike information criterion (AIC) to inform the model selection process. We then calculated 
the conditional and marginal R2 values for each final model, which indicate variance explained 
by the entire model and by the fixed factors alone, respectively (“MuMIn” package in R 3.3.1, R 
Core Team 2016; Nakagawa and Schielzeth 2013; Bartoń 2017). We validated the fit of each 
final model by visually inspecting residual plots to verify homogeneity and QQ-plots to verify 
normality. Additionally, we inspected data for temporal autocorrelation structures using 
autocorrelation function plots.  
We fit a linear mixed effect model (LME) to investigate the fixed effects of depth (m), 
current velocity (m s-1), temperature (°C), and chlorophyll-a (µg L-1) on the abundance of larvae 
per 100-L sample (“nlme” package in R 3.3.1, R Core Team 2016; Pinheiro et al. 2017). We 
included a random intercept of ‘sampling event’ nested within ‘sampling day’ to account for this 
inherent non-independence of our sampling design. In addition, we built the model to allow for 





To investigate predictors of larval WMD, we fit a generalized additive mixed model 
(GAMM) and a linear mixed effect model (LME). Preliminary plots suggested a non-linear 
relationship between larval WMD and depth-averaged current velocity, so we fit a GAMM with 
a thin plate regression spline for the depth-averaged velocity parameter to investigate the 
significance of this non-linear relationship (“mgcv” package of R 3.3.1, R Core Team 2016; 
Wood 2011). We then fit an LME to investigate the fixed effects of depth-averaged absolute 
current speed (cm s-1), current direction (ebb or flood), depth-averaged chlorophyll-a (µg L-1), 
and proportion of newly-released larvae (180-210 µm) on larval WMD (“nlme” package of R 
3.3.1, R Core Team 2016; Pinheiro et al. 2017). We included a random intercept for ‘sampling 
event’ to account for this violation of independence in our sampling design. A log likelihood 
ratio test using REML estimation indicated that including sampling day as an additional part of 
the random component did not improve the model, so we removed this term to reduce model 
complexity. We performed a simple contrast from the full LME model to compare larval WMD 
on ebb versus flood tide after ensuring equal variance using a Levene’s test (“gmodels” and 
“car” packages of R 3.3.2, R Core Team 2016; Fox and Weisberg 2011; Warnes et al. 2015). 
Lastly, we compared the WMD of the three size classes of larvae (180-210µm, 210-259µm, and 
>260µm) with a 1-way ANOVA after applying a Levene’s test to verify that the equal variance 
assumption was satisfied. 
Results 
Tidal Currents 
The dominant tidal currents flowed along Fidalgo Bay’s main channel with negligible cross 
channel flow (Figure 2). Along-channel currents flowed at velocities below |50| cm s-1 during 




larval sampling days. Fidalgo Bay did not exhibit a two-way current flow. Also, there was little 
to no vertical shear through the water column, but when the currents slow near slack tide the 
water along the seafloor appeared to slow and flood a bit sooner than waters near the surface. 
Vertical velocities were slightly positive (3.8 ± 3.5 cm s-1) and showed no evident pattern of 
upward and downward water movement in relation to certain periods of the tidal cycle 
throughout the deployment (Figure 2). 
Physical Conditions 
During each day of larval sampling by boat the water column was shallow (2.5 – 5 m) and 
conditions were sunny with light winds (<10 mph). There was little to no salinity structure in the 
water column (28.91 ± 0.25) and vertical profiles were consistently well-mixed. Temperatures 
ranged from about 12 to 19°C (16.6 ± 1.3 °C) with little stratification and thermal profiles 
changed in a consistent pattern over each day. The water column was generally well-mixed and 
steadily increased in temperature during ebb tide, peaked in temperature near slack tide, and then 
became stratified during flood tide (Figure 3). The maximum change in temperature from surface 
to bottom was 1.1 °C during ebb tide and 4.1 °C for a few sampling events during flood tide. 
Chlorophyll-a ranged from 4.4 to 38.6 µg L-1 (19.1 ± 8.1 µg L-1), but there were no evident 
chlorophyll-a maxima per sampling event or pattern in abundance or distribution of chlorophyll-
a over each sampling day (Figure 3 - 6). Secchi depths remained between 0.75 and 1 m 
throughout one full day of sampling. 
Larval Abundance 
Depth distribution of larvae varied over the tidal cycle each day, but did not appear to be related 




observations were supported by the linear mixed effects model, which indicated that depth was 
the only factor that significantly affected larvae abundance per sample (Tables 1 and 2, Figure 
A1). 
Larval Weighted Mean Depth 
Larval vertical distribution patterns throughout the tidal cycle were similar on all four of our 
sampling days. Depth profile plots reveal that larvae were shallower during relatively fast, ebb 
tide currents, deepened as the currents slowed around slack tide, and were shallower when 
current velocities increased on flood tide (Figure 3 - 6). Supporting this pattern, a generalized 
additive mixed model indicated that larval weighted mean depth (WMD) and depth-averaged 
current velocity had a significant non-linear relationship (GAMM, Fedf of 4 = 11.7, p << 0.001; 
Figure 7, Figure A3). More specifically, absolute depth-averaged current speed, not current 
direction (ebb or flood), significantly affected larval WMD (LME, Table 3, Table 4, Figure 8). 
Larval WMD was shallower during ebb and flood tides when current speeds were greater than 
~25 cm s-1 and deeper when current speeds were less than ~25 cm s-1, which occurred around 
slack tide. In addition, larval WMD was significantly shallower when more depth-averaged 
chlorophyll-a (µg L-1) was in the water column (LME, Table 3, Table 4, Figure 9). 
Every size class of larvae exhibited the same WMD pattern in relation to tidal currents 
(Figure 7), and this observation is confirmed by the LME model selection process indicating that 
proportion of newly released larvae (180-210µm) does not significantly affect larval WMD 
(Table 3, Table 4, Figure A2). Additionally, a 1-way ANOVA indicated no significant variation 
in the WMD among the three pre-selected size classes of larvae (F2,129 = 1.81, p = 0.17). The η2 




variability in larval WMD. Out of the total larvae sampled (n=10,124), 48% were 180-210µm, 
43% were 210-260µm, and 7% were >260µm. 
Discussion 
Olympia oyster larvae in Fidalgo Bay were distributed significantly shallower when current 
speeds exceeded ~25 cm s-1 during both ebb and flood tide and deeper when current speeds 
decreased below ~25 cm s-1 during slack tide (Figure 7, Figure 8), but it is unclear whether 
distribution was due to passive or active larval movement. Vertical velocity profiles did not 
indicate a downward movement of water during slack periods of the low tidal exchanges 
sampled (Figure 2), so the vertical current velocities alone do not explain differences in larval 
WMD between periods of faster and slower horizontal currents (Figure 7). A study using a 
biophysical model in shallow (< 5 m), well-mixed areas of Delaware Bay, similar to conditions 
in Fidalgo Bay, predicted that oyster larvae (Crassostrea virginica) and passive particles exhibit 
similar dispersal patterns (Narváez et al. 2012). However, several other studies suggest that 
bivalve larvae do not behave like passive particles (e.g. Carriker 1951; Wood and Hargis 1971; 
North et al. 2008) and are capable of active depth distribution in horizontal current speeds as 
high as 50 cm s-1 (Mann et al.1988, Kim et al. 2010, Peteiro and Shanks 2015).  
Oyster larvae behaviorally respond to hydrographic conditions, which might have 
enabled Olympia oyster larvae in Fidalgo Bay to influence their vertical distribution over our 
sampling period. In flume and grid-stirred flow tank experiments, eyed eastern oyster larvae 
(Crassostrea virginica) actively respond to hydrographic cues related to turbulence by 
swimming upward faster or by rapidly diving (Finelli and Wethey 2003; Fuchs et al. 2013; Fuchs 
et al. 2015; Wheeler et al. 2015). Finelli and Wethey (2003) estimated that when larvae dive at 




larvae in the lab, they exert enough propulsive force to potentially control their depth in 
horizontal current speeds up to 17-52 cm s-1. This estimation was based on two assumptions: (1) 
that larvae can control their vertical position when Rouse numbers, which are ratios of sinking 
velocity over shear velocity, are greater than 0.75 (Gross et al. 1992), and (2) that shear velocity 
is 0.05 to 0.15 times freestream velocity over smooth bottoms (Finelli and Wethey 2003). 
Recognizing that Fidalgo Bay does not have a smooth bottom, we can still use the same logic as 
Finelli and Wethey (2003) to hypothesize that Olympia oyster larvae in Fidalgo Bay could have 
been actively responding to hydrographic conditions and regulating their depth because current 
speeds remained below 50 cm s-1 over the duration of our larval sampling period. This 
hypothesis is further supported by Peteiro and Shanks (2015) who observed Olympia oyster 
larvae in Coos Bay estuary distribute significantly deeper during ebb than flood tides when 
currents speeds were less than 50 cm s-1, but became evenly distributed throughout the water 
column when current speeds increased above 50 cm s-1.  
If observed larval distribution patterns were not simply passive and larvae were actively 
controlling their depth, our results suggest some larval behavioral strategies that may explain our 
observation that larvae distributed in surface waters during both ebb and flood tide, but deeper 
during slack tide. First, larvae might have behaviorally responded to hydrographic cues by 
swimming upward faster during higher current speeds. Eyed eastern oyster larvae increase 
upward swimming speeds and occasionally actively dive when turbulence increases in flume and 
grid-stirred flow tank experiments (Wheeler et al. 2013; Fuchs et al. 2015). Olympia oyster 
larvae might have been responding like these species if turbulence increases with current speed 




future studies defining the turbulence conditions in Fidalgo Bay and investigating behavioral 
responses specifically of Olympia oyster larvae to turbulence.  
Larval abundance was not positively related to depth-specific temperature and 
chlorophyll-a as hypothesized, indicating that larvae did not distribute at depths with warmer 
water or more abundant phytoplankton. We likely observed these results because our sampling 
location in the main channel during the low tidal exchange was relatively shallow (2.5-5.5 
meters), thermally well-mixed, and likely not food-limited based on measurements of 
chlorophyll-a at every depth. Bivalve larvae avoid temperature extremes (Daigle and Metaxas 
2011; Civelek et al. 2013) and might distribute in relation to thermoclines (Manuel et al. 1996; 
Lloyd et al. 2012) to inhabit favorable conditions for development (Young 1995). Bivalve larvae 
also respond to food cues in the lab (Sameoto and Metaxas 2008) and aggregate at chlorophyll 
maxima in deep, food-limited areas (Raby et al. 1994). Our sampling location remained within 
favorable temperature ranges and was typically well mixed, so temperature did not drive the 
pattern we observed in larval distributions. We also measured chlorophyll-a at all depths with no 
clear chlorophyll maxima, so it is not surprising larvae did not distribute in relation to depth-
specific chlorophyll-a. Temperature and chlorophyll-a would likely be more influential 
predictors of larval abundance at times and locations in Fidalgo Bay when the water is deeper 
with strong thermoclines, which can occasionally be observed in Fidalgo Bay (personal 
observations). 
Surprisingly, while larvae did not seem to distribute in response to depth-specific 
chlorophyll-a conditions, they were distributed significantly shallower when there was more 
average chlorophyll in the water column (Figure 9). These results were significant even taking 




significant, depth-averaged chlorophyll-a only accounted for an estimated ~13% of variance in 
predicting larval WMD (Table 4), suggesting this is probably not a strong driver of vertical 
distribution of Olympia oyster larvae. Nonetheless, this observation hints at a possible 
relationship between larval depth distribution and light conditions because abundance of 
phytoplankton affects the depth of light penetration. Like other larval bivalves (Bayne 1964; 
Barile et al. 1994), Olympia oyster larvae are highly phototactic (unpublished observations), so 
when high abundances of phytoplankton block light from penetrating as deeply into the water, 
Olympia oyster larvae might distribute shallower. While equipment failure prevented us from 
measuring light at our sampling depths, we measured secchi depths between just 0.75 and 1 
meter deep during an entire day of sampling, which suggests that even in shallow waters (2.5-5.5 
m) in Fidalgo Bay, light conditions might be an important predictor of larval distribution. 
However, if larvae were behaviorally swimming upward due to a photopositive response, we 
would expect them to remain in surface waters throughout the tidal cycle, which we did not 
observe. In fact, larvae were distributed deeper during slack tide when they would likely have the 
most control over their vertical position due to slower current speeds. Based on these 
observations, photopositive behavior does not fully explain our observed larval distributions. 
While light might play a partial role in larval vertical distributions, one or more other factors 
might also be at play. 
Although mixed modelling indicated that larval size was not a significant predictor of larval 
weighted mean depth, it remains unclear whether Olympia oyster larvae in Fidalgo Bay exhibit 
an ontogenetic migration strategy. On one hand, ontogenetic shifts appear to be species-specific 
(Baker and Mann 2003), so Olympia oyster larvae might not exhibit the ontogenetic vertical 




stage larvae (Andrews 1983; Mann 1988). On the other hand, our sampling design might have 
failed to detect an ontogenetic vertical migration behavior in Olympia oyster larvae in Fidalgo 
Bay. Only about 7% of the total larvae we sampled were greater than 260µm in length, which is 
the size Olympia oyster larvae begin to develop a foot and become competent to settle 
(Loosanoff et al. 1966; personal observations). While we expected to collect fewer late-stage 
larvae due to mortality and possible export from the bay, 7% is still relatively low compared to 
the high levels of observed recruitment in the Fidalgo Bay population (Dinnel et al. 2009). The 
low representation of large, late-stage larvae suggests that these individuals might have been 
remaining closer to the sediment interface than we were sampling. The deepest sample we 
collected in our sampling design was always 0.5 m above the seafloor, so we might have missed 
the majority of late-stage larvae if they were aggregating deeper very close to the seafloor. In the 
lab, other species of large, competent oyster larvae remain within just a few body lengths from 
the seafloor (Jonsson et al. 1991; Finelli and Wethey, 2003). If more late-stage Olympia oyster 
larvae were, indeed, nearer the seafloor than we sampled, the high representation of early- and 
developing-stage larvae in surface waters during both ebb and flood tide provide evidence of an 
ontogenetic vertical migration strategy.  
Although we were unable to confidently distinguish evidence for or against ontogenetic 
vertical migrations, Olympia oyster larvae in Fidalgo Bay did not perform tidal vertical 
migrations as they did in Coos Bay (Peteiro and Shanks 2015). Similar to our preliminary 
observations in 2014 and 2015, we found more larvae in surface waters during ebb and flood tide 
in Fidalgo Bay. In contrast, Peteiro and Shanks (2015) observed more larvae in surface waters 
during flood tide and more larvae in bottom waters during ebb tide. These contrasting results 




optimize larval survivorship in differing conditions. Larvae in Coos Bay must be retained within 
the estuary to avoid wastage from being swept out to the open coast (Peteiro and Shanks 2015), 
but this is not the case for larvae released from Salish Sea populations. Historic populations were 
spread throughout the Salish Sea region (Blake and Bradbury 2012) and larvae had opportunities 
to encounter habitat even if transported far from their natal population. Therefore, oysters in the 
Salish Sea might have adapted different behavioral strategies than oysters in outer coastal 
estuaries, such as the Coos Bay estuary. Instead, larvae in Fidalgo Bay may have been lacking an 
environmental cue like salinity to trigger tidally-timed vertical migration given Fidalgo Bay’s 
well-mixed and low-inflow conditions. Salinity gradients cue tidal migrations for eastern oyster 
and crustacean larvae by triggering upward swimming in increased salinity and sinking in lower 
salinity (Hidu and Haskin 1978; Dekshenieks et al. 1996; Welch and Forward 2001; Miller and 
Morgan 2013). Crustacean species known to perform tidal migrations in stratified coastal waters 
did not perform these behaviors in low-inflow, well-mixed estuaries, presumably because the 
salinity signal was too weak to trigger behavior or vertical mixing overwhelmed active depth 
regulation (Miller and Morgan 2013; Morgan et al. 2014). In the Salish Sea, we might expect 
Olympia oyster larvae to exhibit tidal vertical migrations in habitats with higher freshwater 
influence than Fidalgo Bay. 
The influence of larval behavior is system-dependent based on oceanographic current 
regimes. In some systems biophysical transport models that incorporate active particles indicate 
behavior can significantly influence oyster larval transport and dispersal patterns (eg. 
Dekshenieks et al. 1996; North et al. 2008), but models used in other systems suggest behavior 
has little to no effect on transport (Kim et al. 2010; Narváez et al. 2012; Thomas et al. 2014). 




main channel of Fidalgo Bay distribute within surface waters (~0.5-1.5m) during strong tidal 
currents on both ebb and flood tide, these behaviors may not affect dispersal in Fidalgo Bay. 
Larvae that occupy surface waters will have enhanced export in estuaries that exhibit a two-layer 
flow (Dyer 1997; reviewed by Morgan et al. 2014), but our data indicate that the main channel in 
Fidalgo Bay does not exhibit two-layer flow or strong vertical shear. Given the flow of currents 
in Fidalgo Bay, Olympia oyster larvae behavior and vertical distribution likely has little to no 
effect on their transport through the main channel of the bay.  
Although larval vertical distribution might not be a strong driver of transport in Fidalgo Bay, 
it could be an important driver of transport in other Salish Sea locations. Fidalgo Bay has very 
little freshwater input and highly channelized tidal currents, and, thus, is a fairly unique 
environment in the Salish Sea. Fidalgo Bay’s conditions might be representative of potential 
larval settlement areas and habitat in the San Juan Islands that also have little freshwater 
influence, but are likely very different from the majority of other state priority restoration sites 
that have stronger freshwater influence. In addition to altered hydrodynamics at these locations, 
the freshwater influence might provide a salinity cue that could change larvae behavioral patterns 
and larvae from geographically separate populations may exhibit behavioral plasticity (Miller 
and Morgan 2013). Therefore, these data should not be generalized to how larvae will vertically 
distribute in locations throughout the Salish Sea. These results highlight the importance of 
understanding the local physical and hydrodynamic conditions of an area and underscore the 
importance of gaining localized knowledge about larval vertical distributions to make confident 
predictions about larval transport and dispersal patterns.  
Results from this study can inform both the hydrodynamic and biologic components of a 




oyster larval transport and dispersal from Fidalgo Bay and other restoration sites can help 
managers predict source and sink locations of larvae and prioritize habitat restoration efforts to 
achieve the ultimate goal of establishing a self-sustaining network of Olympia oyster populations 




Table 1. Model selection process using log-likelihood ratio tests and comparing AIC and BIC values to determine which fixed effects 
predict larval abundance per sample and includes data from all sampling days. Fixed effects include depth of sample (Depth), current 
velocity (CurrentVelocity), temperature at the sampling depth (Temp), and average chlorophyll-a at the sampling depth (Chl-a). Each 
log-likelihood ratio test statistically compares the goodness of fit of the full model, which contains all fixed effects, against the 
goodness-of-fit of a reduced model, which has one fixed effect removed. All models have the same random effects, so they are 
considered to be nested models. The p-value is the likelihood of calculating the log-likelihood ratio test statistic (L.Ratio) indicated in 
the table if the null hypothesis, which is that the full model has a better fit than the reduced model, is true. We determined the 
statistical significance of each fixed effect by removing each one from the full model in turn. 
Model 
Model in 
comparison df AIC BIC logLik Ratio L.Ratio p 
1) Abundance ~ Depth + CurrentVelocity + Temp + Chl-a -- 21 1734.13 1800.71 -846.07  
 
2) Abundance ~ Depth + CurrentVelocity + Temp 1 20 1732.14 1795.55 -846.07 0.0073 0.93 
3) Abundance ~ Depth + CurrentVelocity + Chl-a 1 20 1732.24 1795.65 -846.12 0.1087 0.74 
4) Abundance ~ Depth + Temp + Chl-a 1 20 1732.13 1795.54 -846.07 0.0020 0.96 
5) Abundance ~ CurrentVelocity + Temp + Chl-a 1 20 1768.13 1831.54 -864.07 35.998 <0.001 
6) Abundance ~ Depth 1 18 1728.66 1785.73 -846.33 0.5284 0.91 
        








Table 2. Structure of most parsimonious linear mixed model describing larval abundance per 
sample. Final model factors chosen based on AIC value comparisons and log likelihood ratio 
tests. 




Parameter (Final Model) Value SE DF t p 
  
  Intercept 68.97 5.00 131 13.79 <0.001   
  Depth (m) -11.03 1.31 131 -8.40 <0.001           
  
Parameter (Removed during model selection) 
        
 
Temperature (°C) 
      
 
Chlorophyll-a (µg L-1) 
Current Velocity (m s-1) 
      
   
Random Effects 
  
  Random intercept given to each ‘sampling event’ nested within each ‘sampling day’.    
  Unique variance structures allowed for varying water column height.   
  
  
Marginal R2 (variance explained by fixed effects): 24.8% 







Table 3. Model selection process using log likelihood ratio tests and comparing AIC and BIC values to determine which fixed effects 
explain significant amount of variance for larval WMD and includes data from all sampling days. These fixed effects include average 
chlorophyll-a (Chl-a), depth averaged absolute current speed (CurrentSpeed), current direction (Tide), and proportion of newly 
released larvae (PropNew). Each log-likelihood ratio test statistically compares the goodness of fit of the full model, which contains 
all fixed effects, against the goodness-of-fit of a reduced model, which has one fixed effect removed. All models have the same 
random effects, so they are considered to be nested models. The p-value is the likelihood of calculating the log-likelihood ratio test 
statistic (L.Ratio) indicated in the table if the null hypothesis, which is that the full model has a better fit than the reduced model, is 
true. We determined the statistical significance of each fixed effect by removing each one from the full model in turn. 
Model 
Model in 
comparison df AIC BIC LogLik L.Ratio p 
1) WMD ~ Chl-a + CurrentSpeed + Tide + PropNew -- 6 -111.51 -99.02 62.75  
 
2) WMD ~ Chl-a + CurrentSpeed + Tide 1 5 -113.19 -102.48 62.59 0.3228 0.57 
3) WMD ~ Chl-a + CurrentSpeed + PropNew 1 5 -112.88 -102.18 62.44 0.6283 0.42 
4) WMD ~ Chl-a + Tide + PropNew 1 5 -98.96 -88.25 55.47 14.55 <<0.001 
5) WMD ~ CurrentSpeed + Tide + PropNew 1 5 -102.97 -92.27 57.48 10.53 0.0012 
6) WMD ~ Chl-a + CurrentSpeed 1 5 -114.54 -105.61 62.27 0.6503 0.42 
7) WMD ~ Chl-a 6 4 -102.63 -95.5 55.32 13.90 <<0.001 




Table 4. Structure of most parsimonious linear mixed effects model describing larval weighted 
mean depth. Final model factors chosen based on AIC value comparisons and log likelihood 
ratio tests. 
   Fixed Effects 
  Parameter Estimate SE T p Marginal R2   
  Intercept 0.62 0.028 21.8 <<0.001    
 Current Speed (m s-1) -0.38 0.08 -4.87 <<0.001 0.442  
  Depth-averaged Chlorophyll-a (µg L-1) -0.004 0.001 -3.80 <<0.001 0.125   
               
 Parameter (Removed during model selection)      
 Proportion Newly Released       
 Current Direction/Tide        
 Random Effects  
Random intercept given for each sampling event. 
 
  Marginal R2 (variance explained by fixed effects): 55.9%  
Conditional R2 (variance explained by fixed and random effects): 63.3% 








Figure 1. Fidalgo Bay, adjacent to Anacortes, WA, is a priority restoration site for the Olympia 
oyster and our field sampling location. A black dot indicates the location we collected samples 
by boat (48.4823, -122.58) July 11th through July 14th, 2017. A black “x” indicates the location 
we deployed the acoustic Doppler current profiler to measure current velocity profiles (48.4828, 











Figure 2. Along-isobath, across-isobath, and vertical current velocities (cm s-1) over the height of 
the water column (m) collected by an Aquadopp 1 mHz acoustic Doppler current profiler every 
60 seconds in 0.3 m depth increments from July 25th at 13:00 through July 28th at 14:45 in the 
main channel of Fidalgo Bay. Along-isobath values represent water moving with the main 
channel and across-isobath represents water moving across the main channel. The color scale bar 
on the right-hand side of each plot displays the current speed (cm s-1). For the along- and across-
isobath plots positive current speed values correspond with water rising on a flood tide and 
negative current speed values correspond with water leaving on an ebb tide. For the vertical 
velocity plot positive values correspond with upward movement and negative values correspond 










Figure 3. Field samples collected on July 11, 2017 in Fidalgo Bay. Each plot shows one 
sampling event, which includes samples collected at four depths beginning at the time listed in 
the bottom right corner. Black circles represent the number of larvae collected in 100L of 
pumped water, gray triangles show the water temperature (°C), white squares represent the 
chlorophyll-a (µg L-1), and white diamonds represent current velocity (cm s-1). Negative values 
of current velocity indicate water moving out of the bay (ebb tide) and positive values indicate 
water moving into the bay (flood tide). The horizontal dotted line represents the sea surface, 






Figure 4. Field samples collected on July 12, 2017 in Fidalgo Bay. Each plot shows one 
sampling event, which includes samples collected at four depths beginning at the time listed in 
the bottom right corner. Black circles represent the number of larvae collected in 100L of 
pumped water, gray triangles show the water temperature (°C), white squares represent the 
chlorophyll-a (µg L-1), and white diamonds represent current velocity (cm s-1). Negative values 
of current velocity indicate water moving out of the bay (ebb tide) and positive values indicate 
water moving into the bay (flood tide). The horizontal dotted line represents the sea surface, 







Figure 5. Field samples collected on July 13, 2017 in Fidalgo Bay. Each plot shows one 
sampling event, which includes samples collected at four depths beginning at the time listed in 
the bottom right corner. Black circles represent the number of larvae collected in 100L of 
pumped water, gray triangles show the water temperature (°C), white squares represent the 
chlorophyll-a (µg L-1), and white diamonds represent current velocity (cm s-1). Negative values 
of current velocity indicate water moving out of the bay (ebb tide) and positive values indicate 
water moving into the bay (flood tide). The horizontal dotted line represents the sea surface, 







Figure 6. Field samples collected on July 14, 2017 in Fidalgo Bay. Each plot shows one 
sampling event, which includes samples collected at four depths beginning at the time listed in 
the bottom right corner. Black circles represent the number of larvae collected in 100L of 
pumped water, gray triangles show the water temperature (°C), white squares represent the 
chlorophyll-a (µg L-1), and white diamonds represent current velocity (cm s-1). Negative values 
of current velocity indicate water moving out of the bay (ebb tide) and positive values indicate 
water moving into the bay (flood tide). The horizontal dotted line represents the sea surface, 









Figure 7. Normalized larval weighted mean depth (WMD) as a function of depth-averaged 
current velocity (cm s-1) fit with generalized additive modelling thin plate regression spline 
smoother for all larvae size-classes combined. Shading represents 95% confidence intervals. The 
size of the plotting circle represents a corresponding larval size-class, which are newly-released 










Figure 8. Normalized larval weighted mean depth (A) versus absolute tidal current speed (cm s-1) 
fitted by linear mixed effect modelling and (B) versus ebb and flood tidal direction. Linear mixed 
effects modelling results indicate a significant linear relationship between larval WMD and 
current speed (LME, T = -4.87, p 0.001) and no significant effect of tidal direction (LME). A 
simple pairwise contrast confirms no significant difference between ebb and flood larval WMD 








Figure 9. Normalized larval weighted mean depth (WMD) becomes significantly shallower as 
depth-averaged chlorophyll-a (µg L-1) increases (LME, T=-3.8, p≪ 0.001, Table 2). Colored 
lines represent the model fit for each ‘sampling event’, which were allowed unique intercepts 
within the random modeling component of the LME. The thick black line represents the average 











Appendix A includes figures displaying the results and validation plots for the statistical models 
we used for data analysis. 
 
Figure A1. Model validation plots for the final linear mixed effects model predicting larval 
abundance. The normalized residual plot shows no apparent pattern, which indicates 
homogeneity in the residuals. The QQ-norm plot indicates some slight violations of normality, 







Figure A2. Model validation plots for the final linear mixed effects model predicting larval 
weighted mean depth. The normalized residual plot shows no apparent pattern, which indicates 






Figure A3. Generalized additive mixed model results showing the partial effect of depth-
averaged current velocity (m s-1) on larval WMD (GAMM, Fest.4.06 = 11.74, p << 0.001). The y-
axis indicates the contribution of the thin plate regression spline smoother to the fitted values. 
Dotted lines indicate 95% confidence intervals around the smoother and vertical tick marks 
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